Introduction {#sec1}
============

Alzheimer's disease (AD) is a neurodegenerative disease characterized by memory deficits associated with progressive deterioration of cognitive and executive functions. Episodic memory impairment is one of the most important deficits in AD. The hippocampus, which is involved in episodic memory, is particularly affected and structural alterations have been observed in AD patients ([@ref1],[@ref2]). Moreover, behavioral assessment of cognitive function is pivotal to determine the impact of AD progression.

The need to identify mechanisms of disease and new diagnostic and therapeutic tools for AD has led to the development of several transgenic mouse models to mimic AD pathophysiology ([@ref3]). Since most genetically engineered mouse models rely on genes for early-onset familial AD, these models only partially mimic the features of human AD. However, one expects that these animal models share biological characteristics of human AD, such as brain amyloid plaques and neurofibrillary tangles, as well as the pattern of behavioral deficits observed in the human disease ([@ref7]). In this study we used the triple transgenic mouse model of AD (3xTg-AD), a model of early-onset AD, which has mutant genes for amyloid precursor protein (APP~SWE~), APP23 presenilin 1 (PS1~M146V~) and tau.

Concerning the molecular characteristics of this model it has been reported that the extracellular amyloid β (Aβ) deposits become apparent in 6 months old mice in the cerebral cortex ([@ref8]). These authors also described that Aβ oligomers begin to accumulate between 2 and 6 months of age, with continued age-dependent increase observed between 12 and 20 months. Concerning the human disease, it is also known that amyloid pathology starts very early on, \~22 years before clinical symptoms become apparent ([@ref9]).

In order to understand disease mechanisms and test therapeutic interventions it is very important to track the natural history of the disease in a longitudinal way in the same animals. This requires the use of non-invasive techniques that allow studying molecular mechanisms *in vivo*. In this multimodal molecular imaging longitudinal study we have used 4 months old 3xTg-AD mice as the starting point because at this age they do not present Aβ plaques despite the presence of increased intraneuronal soluble Aβ levels that correlate with the earliest cognitive impairment ([@ref8],[@ref10]). We decided to uniquely combine positron emission tomography (PET) and magnetic resonance imaging (MRI) methods longitudinally to best evaluate the natural history of the pathology, from the points of view of amyloid load, microglia activation, presence of endogenous neuroprotectors (specifically taurine) and structural integrity in key brain structures.

Concerning amyloid binding, we chose ^11^C Pittsburgh compound B (^11^C-PIB) because its binding in PET correlates with Aβ load and can be related to impaired metabolism, as measured by ^18^F-Fluordesoxiglucose imaging (PET-FDG), as our own human data corroborate ([@ref11]). We also aimed to test the face value of ^11^C-PIB binding to Aβ deposits in this transgenic mouse model as compared to MR imaging. This is because it is believed that binding of that radiopharmaceutical in the brain is highly dependent on the AD model and the structure of Aβ plaques. For example, binding of ^11^C-PIB to Aβ-rich cortical regions was shown to occur in APP23 mice but in contrast no increases in binding were observed in aged Tg2576 or APP~SWE~-PS1dE9 mice *in vivo* although extensive Aβ deposition as assessed by immunohistochemistry was shown in APP~SWE~-PS1dE9 mice ([@ref12]). Voxel based analysis of *in vivo* Aβ PET imaging studies in mouse models of AD is feasible and allows studying the PIB retention patterns in whole brain maps as further shown in a recent study of the APP/PS1 double transgenic mouse model of AD ([@ref13]).

The combined use of imaging techniques is very scarce in this model, although one can identify studies using isolated modalities. A notable exception is the combined PET/MRI study focusing on amyloid load and perfusion of Maier and colleagues ([@ref14]) in two amyloid precursor protein transgenic mouse models (APP23 and APP/PS1). This study showed that in the presence of cerebral amyloid angiopathy, Aβ deposition is accompanied by a decline of regional cerebral blood flow. PET-FDG does not assess amyloid load and has been used to probe the effects of therapeutic interventions in 3xTg-AD ([@ref15]).

The demonstration that PET imaging can quantitatively map amyloid accumulation in living amyloid precursor protein transgenic mice was performed by Maeda and colleagues ([@ref18]). They showed that *in vivo* imaging of Aβ plaque burden is feasible in mouse models of AD as a valuable translational research tool and even longitudinally to monitor treatment effects. They also showed repeated measures in relatively old APP23 animals. A study with the APP/PS1 model allowed for multi-method cross-validations for the PET results using *ex vivo* and *in vitro* methodologies, such as regional brain biodistribution, multi-label digital autoradiography, protein quantification with Enzyme-Linked Immunosorbent Assay (ELISA), fluorescence microscopy, semi-automated histological quantification and radioligand binding assays ([@ref19]).

Concerning MRI studies coupled with behavior, a recent study ([@ref20]) suggested that early neuroanatomic changes seem to precede major memory deficits, which further justifies imaging studies in a preclinical stage. Several behavioral tests performed with 3xTg-AD mice have previously shown that this model has both cognitive and non-cognitive deficits ([@ref10],[@ref21]). Memory deficits are a hallmark of AD, as well as underlying hippocampal damage, and behavioral tasks in combination with methods to assess regional neural loss are therefore critical ([@ref27],[@ref28]). In order to understand the natural history of core manifestations of human AD in a 3xTg-AD mouse model we performed a behavioral, molecular and multimodal imaging study. Importantly, hippocampal damage and potential underlying mechanisms were evaluated with voxel based morphometry (VBM), neurospectroscopy, molecular imaging of amyloid deposition (^11^C-PIB PET) and neuroinflammation(^11^C-PK1195) as well as molecular analysis and behavioral testing. Concerning MR spectroscopy we focused on taurine, given its role in preventing β-amyloid neurotoxicity ([@ref29]).

Moreover, a recent *in vitro* study ([@ref30]) testing whether fingolimod modulates neuroinflammatory markers in the 5xFAD mouse model of AD used high-resolution magic angle spinning magnetic resonance spectroscopy. The authors found that fingolimod decreased soluble plus insoluble Aβ measured by ELISA and that taurine levels, measured using that *in vitro* Magnetic resonance spectroscopy (MRS) technique, showed a very strong inverse correlation with Glial fibrillary acidic protein (GFAP) levels and ELISA measurements of Aβ, but not with activated microglia levels. The notion that taurine inversely relates with amyloid load further motivated our MRS study of taurine as a potential biomarker of impaired neuroprotection and disease progression.

Ultimately, we aimed to understand temporal patterns of disease progression, their molecular underpinnings and the amount of biological homology with the human disease. Finally, we aimed to identify the best structural and/or molecular imaging biomarkers that best predict the course of the disease.

Results {#sec2}
=======

Behavioral impairment patterns in 3xTg-AD mice {#sec3}
----------------------------------------------

The open field test evaluates the spontaneous activity of mice when exploring an environment. Several parameters can be measured as a way to determine locomotor function, namely distance and speed ([Fig. 1](#f1){ref-type="fig"}). Wild-type (WT) mice had a better exploratory activity performance than 3xTg-AD mice at 4, 8 and 16 months, as can be seen by evaluating the overall distance traveled or the speed in the open field arena ([Fig. 1](#f1){ref-type="fig"}). Motor deficits were detected at 4 months, and these deficits persisted until older ages. However, at 12 months of age no significant differences were detected both in distance traveled and speed between WT and 3xTg-AD mice (Distance ~WT\ at\ 4\ months~ = 7.02 ± 0.39 m; Distance ~3xTg-AD\ at\ 4\ months~ = 5.09 ± 0.49 m; Distance ~WT\ at\ 16\ months~ = 3.86 ±0.30 m; Distance ~3xTg-AD\ at\ 16\ months~ = 2.54 ± 0.24 m). Novel object recognition memory measures show that there was an impairment in object recognition memory in 3xTg-AD mice at all time points ([Fig. 2A](#f2){ref-type="fig"}). WT animals spent more time exploring the novel object than the familiar object at all time points, and this difference was statistically significant at 4, 8 and 16 months of age ([Fig. 2B](#f2){ref-type="fig"}). Moreover, at 4 and 16 months there was a statistically significant difference in the number of explorations of the novel object between groups ([Fig. 3A](#f3){ref-type="fig"}). At 12 and 16 months WT mice significantly explored more times the novel object than the familiar one. At 4 and 8 months of age WT mice explored more times the novel object than the familiar object, but this difference was not statistically significant ([Fig. 3B](#f3){ref-type="fig"}). In addition, concerning within group comparisons, 3xTg-AD animals did not show a statistically significant difference in exploration time ([Fig. 2C](#f2){ref-type="fig"}) and number of explorations ([Fig. 3C](#f3){ref-type="fig"}) between familiar and novel objects at all time points. Regarding the total exploration time, WT mice spent more time exploring both objects than transgenic mice at 4, 12 and 16 months of age. At 8 months WT mice spent more time exploring both object than 3xTg-AD mice, but this difference was not significant ([Fig. 4A](#f4){ref-type="fig"}). Also, WT mice spent more time exploring the novel object than 3xTg-AD mice at all time points ([Fig. 4B](#f4){ref-type="fig"}).

![(**A**) Representative trace images of WT and 3xTg-AD mice in the open field. Locomotor activity of WT and 3xTg-AD animals was evaluated by measuring the (**B**) distance traveled (m) and (**C** speed (m/s) at different time points (4, 8, 12 and 16 months of age). Results are presented as mean ± SEM and were analyzed with the Student's [*t*]{.ul}-test; ^\*^*P* \< 0.05 and ^\*\*^*P* \< 0.01 (n ~WT\ at\ 4\ months~ = 21, n ~WT\ at\ 8\ months~ = 20, n ~WT\ at\ 12\ months~ = 17, n ~WT\ at\ 16\ months~ = 17, n ~3xTg-AD\ at\ 4\ months~ = 20, n ~3xTg-AD\ at\ 8\ months~ = 23, n ~3xTg-AD\ at\ 12\ months~ = 22, n ~3xTg-AD\ at\ 16\ months~ = 22).](ddz045f1){#f1}

![Exploration time of WT and 3xTg-AD mice in the novel object recognition test at different time points (4, 8, 12 and 16 months of age). (**A**) Exploration time of both groups is compared; (**B**) exploration time of WT in familiar and novel object; (**C**) exploration time of 3xTg-AD in familiar and novel object. Results are presented as mean ± SEM and were analyzed with the Student's *t*-test; ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01 and ^\*\*\*^*P* \< 0.001 (n ~WT\ at\ 4\ months~ = 21, n ~WT\ at\ 8\ months~ = 20, n ~WT\ at\ 12\ months~ = 17, n ~WT\ at\ 16\ months~ = 17, n ~3xTg-AD\ at\ 4\ months~ = 20, n ~3xTg-AD\ at\ 8\ months~ = 23, n ~3xTg-AD\ at\ 12\ months~ = 22, n ~3xTg-AD\ at\ 16\ months~ = 22).](ddz045f2){#f2}

![Number of explorations of WT and 3xTg-AD mice in the novel object recognition test at different time points (4, 8, 12 and 16 months of age). (**A**) Number of explorations of both groups is compared; (**B**) number of explorations of WT in familiar and novel object; (**C**) number of explorations of 3xTg-AD in familiar and novel object. Results are presented as mean ± SEM and were analyzed with the Student's *t*-test; ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01 and ^\*\*\*^*P* \< 0.001 (n ~WT\ at\ 4\ months~ = 21, n ~WT\ at\ 8\ months~ = 20, n ~WT\ at\ 12\ months~ = 17, n ~WT\ at\ 16\ months~ = 17, n ~3xTg-AD\ at\ 4\ months~ = 20, n ~3xTg-AD\ at\ 8\ months~ = 23, n ~3xTg-AD\ at\ 12\ months~ = 22, n ~3xTg-AD\ at\ 16\ months~ = 22).](ddz045f3){#f3}

![Total exploration time (**A**) and novel object exploration time (**B**) of WT and 3xTg-AD mice at different time points (4, 8, 12 and 16 months of age). Results are presented as mean ± SEM and were analyzed with the Student's *t*-test; ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01 and ^\*\*\*^*P* \< 0.001 (n ~WT\ at\ 4\ months~ = 21, n ~WT\ at\ 8\ months~ = 20, n ~WT\ at\ 12\ months~ = 17, n ~WT\ at\ 16\ months~ = 17, n ~3xTg-AD\ at\ 4\ months~ = 20, n ~3xTg-AD\ at\ 8\ months~ = 23, n ~3xTg-AD\ at\ 12\ months~ = 22, n ~3xTg-AD\ at\ 16\ months~ = 22).](ddz045f4){#f4}

Increased Aβ and p-tau protein levels in the hippocampus of 3xTg-AD mice {#sec4}
------------------------------------------------------------------------

The two major hallmarks of AD are the diffuse and neuritic plaques that are predominantly composed by Aβ, and the neurofibrillary tangles, formed by aggregates of hyperphosphorylated tau protein (p-tau) ([@ref31]). The protein levels of Aβ monomers in the hippocampus of 3xTg-AD mice increased, comparing with age-matched WT, at 4 months (373.4 ± 63.3% of WT, *P* \< 0.01), 8 months (717.1 ± 174.7% of WT, *P* \< 0.01), 12 months (1434.9 ± 196.1% of WT, *P* \< 0.05) and 16 months (9447.5 ± 1338.9% of WT, *P* \< 0.05), reaching a maximum peak at 16 months of age ([Fig. 5A](#f5){ref-type="fig"}). We also detected an increase of p-tau levels in the hippocampus of 3xTg-AD at 4 months (434.8 ± 138.2% of WT, *P* \< 0.01), 8 months (360.7 ± 69.4% of WT, *P* \< 0.01), 12 months (147.4 ± 7.0% of WT, *P* \< 0.01) and 16 months (230.2 ± 27.3% of WT, *P* \< 0.01) ([Fig. 5B](#f5){ref-type="fig"}). Contrarily to what was observed for Aβ, p-tau levels were higher at early time points and decreased with age.

![Increase of Aβ and p-tau protein levels in the hippocampus of 3xTg-AD mice. The protein levels of Aβ (**A**) and p-tau (**B**) in total hippocampal extracts from 3xTg-AD and age-matched WT mice were analyzed by western blotting. Representative images for Aβ, p-Tau and β-actin (loading control) for each time point (4, 8, 12 and 16 months of age) are presented. The results are expressed as percentage of age-matched WT animals and are presented as mean ± SEM of four to six animals. ^\*^*P* \< 0.05 and ^\*\*^*P* \< 0.01, different from WT, Mann--Whitney test.](ddz045f5){#f5}

Hippocampal structural impairment in 3xTg-AD mice {#sec5}
-------------------------------------------------

When evaluating the structural integrity of the hippocampus, volumetric analysis showed that the 3xTg-AD mice had reduced hippocampal volumes starting early on at 4 months, which was accentuated during disease progression toward 16 months. We found statistically significant between group effects (*F~(1,8)~* = 268.230, *P* \< 0.001), and the *post hoc* analyses revealed that the volume of the transgenic mice hippocampi was significantly reduced at all time points compared to the WT group (*P* \< 0.001) as shown in [Figure 6](#f6){ref-type="fig"}. Regression curves suggested a more pronounced volumetric reduction occurring in the 3xTg-AD animals (β1~3xTg-AD~ = -0.091 mm^3^/month; β1~WT~ = −0.012 mm^3^/month). Comparison of relative decay showed a trend for significance when comparing the slopes \[*F~(1,36)~* = 3.704, *P* = 0.062; [Fig. 6](#f6){ref-type="fig"}, solid lines\].

![Hippocampal volumes of WT and 3xTg-AD mice at different time points (4, 8, 12 and 16 months). Solid lines represent the regression curves showing the temporal evolution of the hippocampal volumes. Regression curves: WT,$\documentclass[12pt]{minimal}
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Morphometric analyses, which assess differences in gray matter (GM) volumes in a voxel-by-voxel basis, further corroborate these observations showing that clusters of significantly reduced GM volume are already present at 4 months of age in the 3xTg-AD group in the right and left hippocampus ([Fig. 7A](#f7){ref-type="fig"}). At later stages, clusters are more prevalent and spread across the hippocampus with emerging clusters of GM volume reductions in the anterior regions englobing CA1, CA2, CA3 and dentate gyrus subfields, as illustrated in [Fig. 7B](#f7){ref-type="fig"}.

![VBM results in a coronal view at 4 (**A**) and 16 months. (**B**) Color bar denotes the T-score magnitude, at the voxel level, with a threshold level of *P* \< 0.05 FWE corrected (n ~WT\ at\ 4,\ 8,\ 12\ and\ 16\ months~ = 6, n ~3xTg-AD\ at\ 4,\ 8,\ 12\ and\ 16\ months~ = 7).](ddz045f7){#f7}

Regarding perfusion imaging, which is useful to evaluate the blood--brain barrier (BBB) permeability, results revealed a time-dependent increased permeability index and decreased vascular volume (as measured by the peak amplitude) in transgenic animals at later stages of the disease, i.e. 16 months ([Fig. 8](#f8){ref-type="fig"}). We found a significant main effect detected with Analysis of variance (ANOVA) for peak amplitude (*F* = 3.41, *P* = 0.034) and differences between groups were visible at 16 months (*F~(1,8)~* = 23.06, *P* = 0.001; [Fig. 8A](#f8){ref-type="fig"}). Regarding blood--brain barrier perfusion index (BBBi), which represents the leakage/permeability of the brain barrier, the longitudinal analysis did not detect a time\*group interaction. *Post hoc* analysis showed that 3xTg-AD animals had increased BBBi in comparison to WT at 16 months (*F*~*(1,8*)~ = 25.47, *P* = 0.001; [Fig. 8B](#f8){ref-type="fig"}).

![Perfusion peak amplitude and BBB index at 16 months of age. Right panel, BBB permeability index. Left panel, perfusion peak amplitude. Results are presented as mean ± SEM and were analyzed with an ANOVA repeated measures (mixed-effect) followed by a pairwise comparison employing a Bonferroni *post hoc* test; ^\*\*^*P* \< 0.01 (n ~WT\ at\ 4,\ 8,\ 12\ and\ 16\ months~ = 4, n ~3xTg-AD\ at\ 4,\ 8,\ 12\ and\ 16\ months~ = 6).](ddz045f8){#f8}

Decreased levels of taurine in the hippocampus of 3xTg-AD mice {#sec6}
--------------------------------------------------------------

The spectra enabled a reliable quantification of taurine, and its levels were found significantly reduced in the 3xTg-AD animals compared to the WT (*F*~*(1,8*)~ = 45.804, *P* \< 0.001) at 4 months (*F~(1,8)~* = 18.470, *P* \< 0.003), 8 months (*F~(1,8)~* = 8.573, *P* \< 0.019) and 16 months (*F~(1,8)~* = 21.635, *P* \< 0.002), as summarized in [Figure 9](#f9){ref-type="fig"}.

![Taurine levels of 3xTg-AD and WT mice at different time points (4, 8, 12 and 16 months of age). Results are presented as mean ± SEM and were analyzed with an ANOVA repeated measures (mixed-effect) followed by a pairwise comparison employing a Bonferroni *post hoc test*; ^\*^*P* \< 0.05 and ^\*\*^*P* \< 0.01(n ~WT\ at\ 4,\ 8,\ 12\ and\ 16\ months~ = 4 and n ~3xTg-AD\ at\ 4,\ 8,\ 12\ and\ 16\ months~ = 6).](ddz045f9){#f9}

No changes in amyloid load and inflammation evaluated by PET {#sec7}
------------------------------------------------------------

No significant differences were found neither for the uptake values of ^11^C-PIB (a marker of amyloid) or Pk11195 (a marker of inflammatory processes) between groups.

Discussion {#sec8}
==========

In this multimodal molecular imaging study of 3xTg-AD, in the presence of major hallmarks of AD, increased Aβ and p-tau, we measured early abnormal hippocampal volumetry that progressed along all time points. We found that neurobehavioral deficits can also be identified using multimodal molecular imaging techniques in animals, along with the novel finding of reduced levels of taurine over several time points. In particular, we found evidence for early hippocampal structural damage, recognition memory deficits that paralleled increased hippocampal Aβ and p-tau levels.

Interestingly, *in vivo* MRI measures of hippocampal parameters proved to be much more sensitive in this model than PET imaging. Moreover, we found no *in vivo* PET evidence for microglia activation, and parameters of BBB integrity were only affected in late stages (16 months). Since motor activity can influence the outcome measurements of subsequent tests, it needs to be evaluated in order to determine its influence in tasks designed for assessing cognitive deficits that depend on motor function. Locomotor activity deficits have already been detected not only in 3xTg-AD mice, but also in APP-deficient mice and APP23 mice ([@ref32]). The 3xTg-AD animal model used in this study shows similar deficits, as shown by measuring the velocity and distance traveled in the open field test. Similar impairments have also been observed in AD patients, and this functional impairment progresses as cognition declines ([@ref37]).

The novel object recognition test describes the ability of mice to preferentially explore a novel object than a familiar one. This memory test requires that vision is used to guide behavior toward objects that are discriminated based on their novelty and specific visual features and so it can be used to evaluate cognitive deficits related to recognition memory in several preclinical models of neurodegenerative disorders, including AD. Similarly to humans several brain regions are involved in rodent recognition memory including the hippocampus, prefrontal, perirhinal and entorhinal cortex. Therefore, the study of recognition memory impairments in mouse models of AD may provide important insights regarding AD pathology in humans ([@ref38]). Recognition memory test deficits suggest that the hippocampus or other structures of the medial temporal lobe are impaired, a behavioral pattern that is a characteristic of AD. Consequently, the independent pattern of impairment observed in the object recognition memory test in 3xTg-AD mice suggests that the episodic memory system typically impaired in AD was also impaired in this animal model.

The hippocampus plays a pivotal role in the process of memory encoding and retrieval. Besides the hippocampus, other brain structures may also be affected such as the striatum and frontal cortex. In particular, the interaction between these brain regions is important in recognition memory ([@ref43]). Oddo and colleagues ([@ref8]) detected synaptic dysfunction in the hippocampus of 3xTg-AD mice at 6 months of age. This structure is well known to have an impact in memory and cognition in AD patients. A possible explanation for this event is the intraneuronal accumulation of Aβ species. Intracellular immunoreactive Aβ species have been observed in 3xTg-AD mice in the neocortex between 3 and 4 months of age ([@ref8]). Therefore, it is not surprising that we were able to observe object recognition memory impairment already at 4 months. Furthermore, structural differences between WT and 3xTg-AD groups were detected with volumetry and VBM in the hippocampus as early as 4 months of age that corroborates the behavioral results. This is equivalent to a human age of \~26 years ([@ref46]), which shows that this measure is really an early sensitive marker.

Importantly, MR volumetry of the hippocampus in humans is an important diagnostic tool. Therefore, these results can be useful for further characterization of animal models of neurodegenerative diseases and are in line with evidence reporting hippocampal atrophy in AD patients ([@ref47]). This is also in line with previous works in humans that reported alterations in the hippocampus volume of the same magnitude as we found here ([@ref48],[@ref49]).

Despite the observation that several mouse models of AD have normal BBB permeability ([@ref50]) we found differences in BBB permeability at 16 months, probably being a late consequence of the disease progression. Moreover, the decreased peak amplitude in the transgenic animals may be a sign of hypoperfusion.

We also found that the hippocampus has increased levels of Aβ and p-tau. Contrarily to what has been reported in AD patients ([@ref51]), using PET imaging we did not detect significant differences in amyloid deposition and neuroinflammatory status in the hippocampus. The reasons why amyloid load is difficult to detect using ^11^C-PIB in this particular model, unlike other models, remain to be elucidated, given that we found molecular evidence for such accumulation. Also, we did not find evidence for microglia activation using a neuroinflammation marker (^11^C-PK1195), also suggesting that this is not a prominent feature underlying neurodegeneration in this model.

Regarding magnetic resonance spectroscopy we found that taurine levels in 3xTg-AD mice were reduced in the hippocampus, across multiple time points. Since taurine prevents the neurotoxicity of Aβ reduced levels of taurine imply lower neuroprotection, which is relevant when amyloid plaques load is high in transgenic animals. Indeed, Louzada and colleagues ([@ref29]) demonstrated that taurine prevents the neurotoxicity of β-amyloid and glutamate receptor agonists, and its low levels early on in the disease process suggests failure of endogenous neuroprotection. The temporal pattern of change in taurine is quite distinct from the rate of change in hippocampus volume. Moreover, we also found reduced taurine levels in regions such as the striatum at time points while volume was still preserved. This renders unlikely that changes in taurine levels are because of volume changes.

Finally, and concerning other metabolites, we would have expected decreased levels of glutamate in the hippocampus as was observed in the Ts2 model of Down syndrome mice ([@ref54]). However, we did not find glutamatergic abnormalities in our mouse model. Future studies should address these differences across models.

In summary, our findings provide interesting homologies between human and animal models, suggest further investigation of this taurine neuroprotection in humans and pave the way for studies involving early neurodegeneration, including therapeutic ones.

In AD brain atrophy is enhanced in comparison with normal aging. It has been shown that 11-month-old 3xTg-AD animals have a decrease in the brain weight and in the brain to body weight ratio ([@ref33],[@ref55]). This brain shrinkage can be because of the loss of synaptic connections, reduction of neuronal arborization and neuronal loss. Consequently, the observation of a reduction of the volume of the hippocampus and recognition memory impairment in 3xTg-AD mice represents a valuable indicator in line with its use in AD diagnosis and management. However, most of the current mouse models of AD fail to show visible brain neuronal loss, a hallmark present in AD patients ([@ref56]). Thus, the 3xTg-AD mouse model seems to be valuable in this context.

Conclusion {#sec9}
==========

In this multimodal molecular imaging study of the 3xTg-AD mouse model, in the presence of the major hallmarks of AD, increased Aβ and p-tau, we measured early abnormal hippocampal volumetry that progressed along all time points. MR neurospectroscopy also showed loss of taurine, which is an important endogenous neuroprotector. PET imaging of amyloid load was less sensitive than MR, and the use of the PET marker ^11^C-PK1195 did not reveal microglia activation. The BBB was preserved unless until late stages. This shows that MR signatures of hippocampal volumetry and neurospectroscopy represent early valuable biomarkers that parallel neurobehavioral deficits, thus providing an *in vivo* multimodal validation of the 3xTg-AD mouse as an early disease model that may be applied in preclinical research using these biomarkers.

Methodology {#sec10}
===========

Animals {#sec11}
-------

Experiments were performed in 3xTg-AD mice harboring three human mutant genes: PS1~M146V~, APP~SWE~ and tau (Tau~P301L~) and in age-matched WT animals (WT: C57BL6/129S background). Male 3xTg-AD mice and WT mice were used to evaluate *in vivo* structural, molecular imaging, neurospectroscopic and behavioral changes at 4, 8, 12 and 16 months of age. WT mice used in this study have the same genetic background of the presenilin knockin embryos used to generate the 3xTg-AD mouse model, but instead of expressing mutant PS1~M146V~ gene they express the endogenous WT mouse PS1~M146V~ gene ([@ref8]). The animals were maintained at 22 ± 1 °C, 68% relative humidity, on a 12 h light--dark cycle, with access to water and food *ad libitum*. In order to assess age-related changes the animals were tagged. All procedures involving animals were approved by the Animal Welfare Committee of the Coimbra Institute for Clinical and Biomedical Research, Faculty of Medicine, University of Coimbra. The animal experimentation was conducted in accordance with the European Community directive guidelines for the use of animals in laboratory (2010/63/EU), transposed into the Portuguese law in 2013 (Decreto-Lei 113/2013) and was in agreement with the Association for Research in Vision and Ophthalmology statement for animal use.

Behavioral experiments {#sec12}
----------------------

Mice behavior (WT, *n* = 21; 3xTg-AD, *n* = 23) was evaluated using the open field and novel object recognition tests to assess changes in locomotor activity and memory performance. The behavioral tests were performed by the same researcher, who remained outside the view of each mouse while performing the test, only interfering in the test to replace the animals and clean the arenas between consecutive tests. The tests were video recorded and analyzed with Observador (<http://en.pharmacology.med.uoa.gr/>) and ANY-Maze software (version 4.99 m; <http://www.anymaze.co.uk/>). Tests were performed at 4, 8, 12 and 16 months of age in 3xTg-AD and age-matched WT animals. On the first day, the animals were placed in an open field maze during 10 min to allow their adaptation to the new environment, and locomotor activity was analyzed during this period. The parameters evaluated were the distance traveled and the speed. The performance of the animals was analyzed using the behavioral scoring program ANY-maze. Habituation to the open field arena was performed to reduce possible anxiety like behavior due to placing in a novel environment. On the second day, the animals were placed in an open field apparatus with two identical objects, and after a time interval one of the objects was kept in the arena (familiar object), while the other was replaced by a new one, approximately with the same size and texture, but different in shape (novel object). The novel object recognition test was performed in order to assess mice recognition memory. This test consisted of two 10 min sessions: the first with two identical objects (sample session) and the second (test session, 2 h after sample session) with two dissimilar objects (a familiar and a novel one). Exploration of objects was considered when animals were facing the objects with the nose up to 2 cm away from the object. The time exploring each object and the number of explorations were recorded. The performance of the animals was analyzed using the behavioral scoring program Observador.

Western blot {#sec13}
------------

Hippocampus from 3xTg-AD (*n* = 5) and WT (*n* = 6) mice were dissected in ice-cold Hank's balanced salt solution (137 mM NaCl, 5.4 mM KCl, 0.45 mM KH2PO4, 0.34 mM NaHPO, 4 mM, NaHCO3, 5 mM glucose, pH 7.4), frozen in liquid nitrogen and stored at −80°C. All samples were lysed in cell lysis buffer (Cell Signaling Technology, Danvers, Massachusetts, USA) supplemented with complete mini ethylenediaminetetraacetic acid-free protease inhibitor cocktail tablets (Roche, Basel, Switzerland), PhosSTOP phosphatase inhibitor tables (Roche), 0.1 mM phenylmethylsulfonyl fluoride (Roche) and 2 mM of dithiothreitol (DTT; Fisher, Hampton, New Hampshire, USA). After homogenization, samples were frozen and thawed three times. Then, the samples were centrifuged at 16 100 xg during 10 min at 4°C, and the supernatant was collected. After protein quantification by The bicinchoninic acid (BCA) method (Pierce Biotechnology, Waltham, Massachusetts, USA), samples were denatured by adding 6× concentrated sample buffer (0.5 M Tris, 30% glycerol, 10% sodium dodecyl sulfate, 0.6 M DTT, 0.012% bromophenol blue) and heated for 5 min at 95°C. Samples were separated in SDS-polyacrylamide gel electrophoresis and transferred onto Polyvinylidene difluoride (PVDF) membranes (Millipore, Burlington, Massachusetts, USA). The membranes were blocked with 5% BSA and were then incubated with the antibodies indicated in [Table 1](#TB1){ref-type="table"}. Immunoreactive bands were visualized using Enhanced Chemi-Fluorescence system (GE Healthcare, Chicago, Illinois, USA) on an imaging system (Thyphoon FLA 9000, GE Healthcare) or with Enhanced Chemiluminescence system (Bio-Rad, Hercules, California, USA) on Image Quant LAS 500 (GE Healthcare). Digital quantification of band intensity was performed using Quantity One software (Bio-Rad). The membranes were then reprobed and tested for β-actin immunoreactivity to prove that similar amounts of protein were applied in the gels. Data were obtained by calculating the ratio between each target protein and β-actin and expressed as percentage of WT (control).

###### 

List of primary and secondary antibodies used in western blotting

  **Primary antibody**                                  **Host**   **Dilution**   **Protein (μg)**   **Supplier**
  ----------------------------------------------------- ---------- -------------- ------------------ ---------------------------
  Anti-Amyloid-β (D54D2)                                Rabbit     1:1000         20                 Cell Signaling Technology
  Anti-p-tau ^(ser396)^                                 Rabbit     1:1000         10                 Santa Cruz Biotechnology
  Anti-β-Actin                                          Mouse      1:5000         20/10              Sigma-Aldrich
  **Secondary antibody**                                                                             
  HRP[^\*^](#tblfn1){ref-type="table-fn"} Anti-rabbit              1:10 000       \-                 Bio-Rad
  AP[^\*\*^](#tblfn2){ref-type="table-fn"} Anti-mouse              1:10 000       \-                 Sigma-Aldrich

^\*^HRP, Horseradish peroxidase

^\*\*^AP, alkaline phosphatase

![Representative 1H-MRS spectra of WT (**A**) and 3xTg-AD (**B**) mice acquired at 16 months.](ddz045f10){#f10}

MRI acquisitions {#sec14}
----------------

MRI experiments were performed in a BioSpec 9.4 T scanner with a standard cross coil set-up using a volume coil for excitation (with 86/112 mm of inner/outer diameter, respectively) and quadrature mouse surface coil for signal detection (Bruker Biospin, Ettlingen, Germany). Mice (W, *n* = 6; 3xTg-AD, *n* = 7) were kept anesthetized by isoflurane (1.5%) with 100% O~2~ and body temperature and respiration monitoring (SA Instruments SA, Stony Brook, NY, USA).

For structural analysis, T2-weighted images were acquired in coronal planes using a rapid acquisition with relaxation enhancement sequence with the following parameters: TR = 3800 ms; TE = 33 ms; 10 averages; pixel size of 0.078 mm ×0.078 mm and slice thickness of 0.5 mm without spacing between slices (total head volume, 256 pixels × 256 pixels × 34 slices). Brain permeability was assessed after injection of Gadovist® (0.1 mmol/kg) using the dynamic contrast-enhanced (DCE) MRI technique. The following parameters were used in 2D DCE-FLASH: TE/TR = 2.5/251.446 ms, flip angle = 70°, FOV = 20 × 20 mm, matrix = 156 × 85, slice thickness of 0.5 mm, number of slices = 18, number of repetitions = 40. For localized ^1^H magnetic resonance spectroscopy (^1^H-MRS), data were collected in a volume of interest placed on the hippocampus. B0 map was acquired before spectroscopy, and shims were optimized through a mapshim voxel. A point resolved spectroscopy sequence was used in combination with outer volume suppression and variable power and optimized relaxation delays water suppression with parameters as follows: TR = 2500 ms, TE = 16.225 ms, number of averages = 720, three flip angles = 90°, 142° and 142°, bandwidth = 5000 Hz, number of acquired points = 2048 yielding a spectral resolution of 1.22 Hz/point and voxel size of 2.1 × 1.3 × 1.3 mm. For each animal, an unsuppressed water signal (TE = 16.225 ms, TR = 2500 ms, 16 averages and none water suppression) was acquired immediately before acquiring the water suppressed spectrum.

### VBM {#sec15}

VBM was performed using the statistical parametric mapping software (SPM, Welcome Department of Cognitive Neurology, London, UK), the SPMMouse toolbox ([@ref59]) and a homemade script involving the following steps: (a) T2-weighted images were corrected for the magnetic field inhomogeneity generated by the surface coil; this was done using intensity curves from T2-weighted images obtained for an homogeneous phantom and acquired with the same coil and system configuration; (b) the rigid body was aligned by registering (affine transformation) the images to the template space; (c) tissue segmentation was carried out by means of the GM, white matter and cerebrospinal fluid tissue probability maps as provided in the toolbox; (d) GM images were non-linearly normalized to the template space and were modulated to correct for volume changes that may have occurred during normalization; and (e) the obtained images were smoothed by applying a 0.5 mm full width at half maximum (FWHM) Gaussian kernel. All steps were done using the default settings of the toolbox.

### Volumetry {#sec16}

For volumetry, after correction of magnetic field inhomogeneity (as described for VBM), images were segmented using the ITK-SNAP software based on manual delineation of the hippocampus (−1.06 to −4.16 Bregma) performed by a user blind for the two groups. The atlas from Franklyn and Paxinos was used as reference ([@ref60]). The hippocampal volume was then obtained by multiplying the number of voxels by the voxel size.

### DCE imaging {#sec17}

DCE imaging depicts the wash-in, plateau and wash-out contrast kinetics of the tissue. DCE data were processed as follows: (a) images were rescaled, filtered (excluding voxels outside the brain) and corrected for movement; (b) regions of interest (ROI) were drawn for each animal in a semi-automatic procedure, using MRICron (2015) and custom made Matlab functions. Previously reported in house Matlab functions were used for further analysis and extraction of perfusion measurements ([@ref61]); (c) the perfusion curve (accumulation of contrast agent) was extracted per ROI and animal and normalized to the baseline (time window before injection); and (d) from these curves, the time to peak (time delay between injection and perfusion peak), the peak amplitude (maximum perfusion value, representing the vascular volume) and the area under the curve (AUC) were calculated. Note that the AUC parameter is the overall accumulation of contrast agent in the ROI. Additionally, the BBBi was calculated as follows: the residual enhancement at the last 10 dynamic acquisition time points/frames included the contribution from the contrast agent that had leaked into the interstitial space, and this parameter, normalized to the vascular volume measured as the peak amplitude of the perfusion curve, was used as a BBBi ([@ref62]).

### ^1^H-MRS {#sec18}

^1^H-MRS spectra were saved as free induction decay signals (FIDs), corrected for the frequency drift and for residual eddy current effects using the reference water signal. Data were analyzed using the LCModel package ([@ref63]), which calculates the best fit to the acquired spectrum as a linear combination of a model based on a set of brain metabolites. The Cramér--Rao lower bounds criterion was used as a measure of the reliability of the fitting and set to 21%. Representative spectra are given in [Figure 10](#f10){ref-type="fig"}. Metabolite concentration was calculated as we have described previously ([@ref64],[@ref65]). For statistical analysis, we were particularly interested in taurine, and therefore its concentration in relation to the water signal was determined.

PET acquisitions {#sec19}
----------------

For *in vivo* assessment of cerebral Aβ plaques deposition by means of ^11^C-PIB and microglia activation (^11^C-PK11195), mice were submitted to PET imaging in a high-resolution small animal PET-RPC scanner, prototype developed by LIP-Coimbra, in collaboration with the Institute of Nuclear Sciences Applied to Health, University of Coimbra ([@ref66]). Animals were kept anesthetized and monitored, as for MRI acquisitions, and scanned after the injection of the radiopharmaceutical. Both ^11^C-PIB and PK11195 scans lasted for 60 min and were performed in different days. ^11^C-PiB had a mean activity of 12.44 ± 2.11 μCi/g. This radiopharmaceutical binds with high affinity to the Aβ plaques in the brain. PK11195, which is a marker of the translocator protein, indexing microglia activation, had a mean activity of 12.66 ± 2.26 μCi/g.

To facilitate the co-registration between PET and MRI images, and thus allowing the segmentation of regions of interest, three fiducial markers visible in both PET and MRI images were positioned on the animal platform.

### PET data processing {#sec20}

PET images were reconstructed using the ordered subset expectation-maximization (OSEM) algorithm with a voxel volume of 0.125 mm^3^ (0.5 × 0.5 × 0.5 mm) using the data acquired between 20 and 60 min after injection. After reconstruction, a correction to the field of view was carried out, and images were saved as Digital Imaging and Communications in Medicine files (DICOM). 3D Slicer software was then used to manually co-register PET and MRI images using the fiducial markers as reference. Manual segmentation of the hippocampus was then performed, using ITK-SNAP, and the mean counts per mm^3^, normalized to the activity injected per gram and corrected for the system sensitivity were computed. For statistical analyses the ratio between the uptake in the hippocampus and cerebellum was used.

Statistical analysis {#sec21}
--------------------

The normality of the data was assessed with Shapiro--Wilk and D'Agostino and Pearson omnibus normality tests. Statistical analysis of molecular and behavioral data was performed with GraphPad Prism Version 6 (GraphPad Software, San Diego, CA, USA) using parametric Student's *t*-test or nonparametric Mann--Whitney test, as applicable. Longitudinal and between groups analyses of the hippocampal volumes, taurine concentrations, BBB permeability parameters and the uptakes of ^11^C-PIB and PK11195 were carried out using SPSS 22.0 (SPSS Inc., Chicago, IL, USA) with an ANOVA repeated measures (mixed-effect) followed by pairwise comparisons employing Bonferroni corrections. A regression analysis was also performed to fit the volumetric data to a linear model and assess the effect of aging and rate of volumetric reduction. Intercepts (β0) and slopes (β1) were compared using GraphPad Prism Version 6. During VBM, to analyze differences in GM volumes between groups, at each time point a Student's *t*-test was performed at the voxel level. Voxels with GM values \<0.2 were not included. Results were, firstly, obtained as whole brain statistical maps. After that, the analysis was repeated on the ROI and corrected for multiple comparisons using family-wise error rate (FWE) (*P* \< 0.05). Differences were localized using the atlas from Franklyn and Paxinos. Data were considered to be significant at ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01 and ^\*\*\*^*P* \< 0.001. All data are reported as mean ± standard error of mean (SEM).
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